ABSTRACT
INTRODUCTION
This is surprising since in other gram-positive organisms, ClpCP, and not ClpL, is the 79 major protease complex that controls the CtsR stability in the cell. 80
MATERIALS AND METHODS 82
Bacterial strains, plasmids, and growth conditions 83 S. mutans strains and plasmids used in this study are listed in Table 1 . E. coli DH5α 84 strain was grown in Luria-Bertani (LB) medium, supplemented with 100 μg/ml ampicillin, 85 300 μg/ml erythromycin, or 50 μg/ml kanamycin when necessary. S. mutans strains were 86 routinely grown in Todd-Hewitt medium (BBL, Becton Dickinson) supplemented with 0.2% 87 yeast extract (THY). When necessary, 5 μg/ml erythromycin or 300 μg/ml kanamycin 88 was added to the THY medium. 89 90
Whole-cell protein extraction from S. mutans and western blot analysis 91
To prepare whole-cell protein extraction of S. mutans, an overnight grown culture was 92 used as inoculum for THY medium and allowed to grow to exponential phase 93 (OD600=0.4). Cells were harvested and resuspended in Tris-buffered saline (TBS) and 94 homogenized with a bead-beater. Protein lysates were separated by 12% sodium 95 dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) or 12% Phos-tag™ (FMS 96 Laboratory) SDS-PAGE (50 μM Mn 2+ -Phos-tag™). The gels were blotted onto membranes 97 and western blot assays were carried out using standard techniques with a monoclonal 98 anti-polyhistidine antibody (Sigma) as the primary antibody. The blots were developed 99 with Pierce™ ECL plus reagent (Thermo Scientific) and the signals were detected by 100
Typhoon FLA 9000 (GE Healthcare). All western blot experiments were repeated at least 101 twice to confirm the results. following the protocol as previously described (6). Clones with the target gene replaced by 129 lox71-kan-lox66 cassette were verified by PCR. To remove the lox71-kan-lox66 cassette, 130 temperature sensitive plasmid pCrePA (39) expressing Cre recombinase was transformed 131 into the selected clones. The chromosomally integrated lox71-kan-lox66 cassette was 132 excised by Cre at 30°C, and pCrePA plasmid was cured at 37°C from the resultant cells. 133 The names of the mutant strains and the primers used for gene deletions were listed in 134 Table 1 and Table 2 , respectively. 135
136

Complementation of clpL 137
The open reading frame encoding clpL was amplified from UA159 genomic DNA using 138 clpL-duet-F and clpL-duet-R primers and the 2-kb fragment was cloned into pIB184Km 139 vector (7) that contains P23 promoter, to create pIBJ38. The strain IBSJ3/pIBJ1 was 140 transformed with pIBJ38 and screened on THY agar plates containing both erythromycin 141 and kanamycin. expresses His-CtsR protein under the control of P23 promoter (7). When pIBJ1 was 207 introduced into S. mutans UA159, we observed that although the mRNA transcript was 208 detected in large amounts (Fig. 1B) , the His-CtsR protein was virtually undetected 209 (Fig.1C) . We speculated that CtsR is rapidly degraded in the wild-type strain by a 210 post-transcriptional regulation. To investigate the mechanism of CtsR degradation, we 211 first constructed single deletion mutants of all the five Clp related ATPases such as 212 clpB, clpC, clpL, clpX, and clpE. Plasmid pIBJ1 was then introduced into the above 213 mutants to evaluate the fate of CtsR protein in vivo. Except the clpL mutant, the CtsR 214 protein level could not be detected in all other Clp ATPase mutants (clpB, clpC, clpX, 215 and clpE), while the mRNA was expressed steadily in all the strains ( Fig. 1B and 1C) . 216 We also included a clpP mutant strain (IBS512) as a control and observed no CtsR regulation of CtsR is different in S. mutans since both ClpP and ClpC appears to have 227 no effect on CtsR degradation. On the other hand, we observed that, CtsR was 228 accumulated in large amounts inside the clpL mutant (Fig 1C) Our analysis on the promoter of S. mutans clpL also showed the presence of a weak CtsR 241 binding consensus ( Fig. 2A) and the sequence is similar to other known CtsR binding box 242 in S. mutans (Fig. 2B) . To verify whether CtsR can repress clpL transcription in S. mutans, 243 we measured the clpL mRNA level by sqRT-PCR in IBS514 (an isogenic derivative of 244 UA159 that contains PclpP-gusA), IBS938 (a ctsR deleted strain derived from IBS514, 245 (47)), and IBS938 containing plasmid pIBJ1. As expected, clpL mRNA was increased 246 about five-fold in the ctsR mutant compared to the wild type (determined by digitally 247 scanning the image and quantitated by ImageQuantTL software), while the mRNA level in 248 the complemented strain was similar to the wild type strain ( Fig. 2C and 2D ). These data 249 indicate that clpL is also a part of the CtsR regulon and regulated by a feedback 250 mechanism. (Fig. 3A) . 261 A novel type of polyacrylamide-bound Phos-tag™ electrophoresis (Mn 2+ -Phos-tag 262 SDS-PAGE), which leads to a mobility shift detection of phosphoproteins, has been widely 263 used in determining the phosphorylation status of many proteins (3, 26, 46) . Analysis of 264
CtsR by Phos-tag™ gel based western blotting revealed an additional much slower 265 migrating band in the ΔclpL mutant strain (Fig. 3B) . We speculate that the slower 266 migrating band observed is a phosphorylated form of CtsR. To confirm it, the crude extract 267 from IBSJ3/pIBJ1 was treated with alkaline phosphatase for up to 3 hours. Western blot 268
showed that the shifted band was gradually eliminated during the treatment (Fig. 3C ) 269 suggesting the slower migrating band is phosphorylated form of CtsR. However, unlike in 270 B. subtilis, neither the phosphorylation nor the degradation of CtsR was induced by 271 heat-shock (Fig. 3B) implying an alternative mode of CtsR regulation might operate in S. 272 mutans. Interestingly, substitution mutations of a conserved arginine residue at position 62 273 (R62), which is one of the most important phosphorylation sites reported (17), did not 274 abolish the overall phosphorylation status of the CtsR protein (Fig. 3D ). This may not be 275 too surprising since multiple arginine residues of CtsR are known to be involved in 276 phosphorylation as reported previously (17). replacing arginine 62, to alanine (R62A), lysine (R62K), or glutamate (R62E) respectively. 283
PclpP was chosen for the EMSA assay since it contains a typical CtsR binding consensus 284 and was used for CtsR binding study in a previous study (47) . EMSA showed that CtsR 285 efficiently bound to PclpP with high specificity while a non-specific competitor DNA 286 fragment containing the promoter region of nlmA had no effect on binding of CtsR to PclpP 287 (Fig. 4A ). EMSA analysis also showed that substitution of arginine with a neutral alanine 288 residue or a positively charged lysine residue had no effect on the DNA binding activity of 289 CtsR (Fig. 4B ). However substitution of the arginine residue with a phosphor-mimicking 290 glutamate residue resulted in drastic loss of DNA binding ability of CtsR (Fig. 4B ) 291 indicating that phosphorylation may have an effect on DNA binding. 292
To verify the effect of phosphorylation of R62 residue on in vivo S. mutans gene 293 expression, we used a PclpP-gusA reporter fusion strain IBS938, which was derived from 294 IBS514 by deleting the ctsR gene locus (47). Plasmids pIBJ1, pIBJ2, pIBJ3, and pIBJ4 295 that express the wild type, R62A, R62K, or R62E CtsR respectively, were introduced into 296 IBS938. The Gus assay illustrated that expression of wild type, R62A and R62E CtsR from 297 the plasmids restored the repression on gusA transcription, while the expression of R62E 298 CtsR failed to complement the ctsR deletion (Fig. 4C) . Therefore, the phosphorylation of S. 299 mutans CtsR at R62 inhibits the repressor activity of the protein, whereas 300 unphosphorylated CtsR binds to its target consensus sites with high affinity, a situation 301 similar to those in gram-positive bacteria that harbor MscAB. In this study, we showed that ClpCP is not required for specific degradation of CtsR in S. 306 mutans, a mcsAB deficient low-GC gram-positive bacterium. Furthermore ClpL may also be present in gram-negative bacteria. At present, the exact mechanism by 323 which CtsR is degraded by ClpL is unknown and needs to be further investigated. 324
In the clpL-deleted strain, no obvious induction of CtsR degradation was observed during 325 on November 13, 2017 by guest http://jb.asm.org/ Downloaded from the heat-shock treatment, indicating the absence of any ClpL-independent degradation of 326 CtsR. However, the ClpL-dependent degradation of CtsR may be increased after the 327 heat-shock treatment since clpL expression is induced after heat-shock. Since the 328 proteolytic degradation of CtsR is so potent under normal growth condition, we speculate 329 that ClpL-dependent degradation of CtsR does not play any specific role in heat-shock 330
induction. 331
Regulation of clpL expression appears to be complex and can vary depending on the 332 organism. In Staphylococci, clpL is solely under the control of a secondary sigma factor, In bacteria that encode McsAB, such as B. subtilis, CtsR responds to heat-shock 364 stimulation in both McsB independent and dependent manner. CtsR intrinsically sense the 365 temperature change through its glycine-rich loop (Fig 3A) and is reversibly released from 366 the target promoter at high temperature (11, 14) , thereby activating gene expression. MscAB deficient bacteria and the induction of CtsR regulated genes is relatively weak 374 after heat-shock in these bacteria. For instance, the expression from the clpP promoter 375 was increased about 15-fold in B. subtilis (31) after heat-shock while the induction is 376 approximately 2-fold in S. mutans (33, 47) and less than 2-fold in S. pneumoniae (32) . 377 Some recent studies suggest that CtsR can respond to other stresses such as oxidative 378 stress and ethanol (13, 43) Table 1 . List of S. mutans strains and plasmids used in this study
